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Abstract

Vanadium pentoxide (V,0s) thin films were grown on indium tin oxide-coated flexible Kapton substrates by home-
built activated reactive evaporation technique. Film depositions were carried out at optimised oxygen partial
pressure of 1 x 102 Torr and plasma power of 8 W, and we investigated their microstructural and opto-
electrochromic properties as a function of substrate temperature. The V,0s films grown at T, = 473 K exhibited a
nano-crystalline nature as evidenced from X-ray diffraction, atomic force microscopy and Raman studies. The nano-
crystalline films composed of vertical elliptical-shaped grainy morphology demonstrated a high optical
transmittance of 75% with an estimated optical bandgap of 2.38 eV:The dry lithiated nano-crystalline V,0s films
demonstrated an optical modulation of 36.1% with a coloration efficiency value of 26.2 cm?/C at a wavelength of
550 nm. As-deposited nano-crystalline V,0s thin films demonstrated a constant discharge capacity of about 60 pAh
cm™? um™" for a few cycles at room temperature in the potential window of 4.0 to 2.5 V.

Keywords: Activated reactive evaporation, Kapton flexible substrates, Nano-crystalline V,0s Thin films,
Microstructural, Optical, Electrochromic and electrochemical properties

Background

Around the globe, utilisation of ‘electrical energy’ has
been increasing substantially and has become an inevit-
able source to fulfil the metropolitan human life needs,
ever expanding industrialization and corporate compan-
ies' requirements [1,2]. It is noteworthy to mention that
the major consumers of energy in an advanced society
are the air-conditioning systems and utilisation of light
energy even during daytime to maintain room atmos-
pheric conditions in a comfortable state. In this regard,
‘renewable energy’ researcher's community has been
striving for the best alternatives to reduce the consump-
tion of ‘electrical energy’ and triggered their research
towards electrochromic window technology. A unique
property of thin-film system ‘to change colour due to an
applied external impulse and change back to their ori-
ginal state by removing of external impulse’ is coined as
chromism [3]. At present, the significance has been
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boosted with the realisation that the phenomena of
chromism are of much interest in the fenestration tech-
nology as a means to achieve energy-saving benefits by
controlling the performance by responding to the vari-
ation of brightness of the environment [4,5]. Transition
metal oxides (TMOs) in thin-film configuration with di-
verse structures and chromogenic properties have been
the foci of the research community in the outlook of
their potential applications in the current science and
technology [6]. Among the other chromogenic materials,
vanadium pentoxide (V,05) in thin-film configuration
is one of the TMOs, which has been receiving much atten-
tion owing to its quite motivating structural, chemical and
chromogenic properties and exceptional industrial appli-
cations such as electrochromic devices and optical mem-
ory devices [7-9]. Most of the researchers have prepared
thin films of V,05 on various solid substrates by different
thin-film deposition techniques and investigated their
microstructural, optical, electrochromic and electrochem-
ical properties in detail [10-12].

In the current science and technology, the designing and
fabrication of thin-film coatings on flexible substrates have
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grown worldwide into a major challenging and novel re-
search area for cutting-edge future-based technologies.
These flexible substrates are unique than solid glass sub-
strates due to the following reasons: they are flexible, so
they can bend and stick to any curved shape object with-
out altering their basic properties, weigh less, are easy to
carry and dimensionally stable, resistant towards moisture
and oxygen, and thermally stable, tough and chemically
resistant [13]. It is well acknowledged that plasma thin-
film deposition methods have been recognised as ‘promis-
ing and pioneered’ to grow nearly stoichiometric thin films
at low substrate temperatures. Various physical and chem-
ical vapour thin-film deposition techniques have been
employed to grow thin films of V,0s, in which activated
reactive evaporation (ARE) is one of the plasma-assisted
physical vapour thin-film deposition techniques to grow
nearly stoichiometric thin films with better uniformity at
relatively lower substrate temperatures with higher depos-
ition rates [14,15]. In this deposition technique, the reac-
tion occurs predominantly in plasma; as a result, chemical
composition of the films can be controlled by changing
the ratio of reacting species. Few researchers have
reported about the growth of metal oxide thin films on
flexible substrates for electrochromic window applications
[16]. However, the ‘prominence and necessity of future
fenestration technological needs’ divulge the impetus
scope to carry out the research towards flexible electro-
chromic devices with enriched electrochromic properties.
Hence, in the present investigation, we deposited V,05 thin
films on indium tin oxide (ITO)-coated flexible Kapton
substrates (the glass transition temperature of the substrate
is 673 K) by home-built activated reactive evaporation tech-
nique, studied their microstructural properties and reported
a comparative study on optical and electrochromic proper-
ties of amorphous and nano-crystalline V,05 thin films. In
parallel, we made an attempt to study electrochemical
properties for as-deposited nano-crystalline V,Os5 films.

Methods

In the present investigation, nano-sized V,05 powder was
synthesised via co-precipitation method [17]. The precur-
sor was prepared using 5.8 g of ammonium metavenadate
(NH4VOs3, 99.99% purity, Aldrich Company Ltd., Dorset,
England, UK) powder, which is dissolved in highly purified
distilled water. The white-coloured precursor was acidified
using 0.1 M HC], and in parallel, the resultant compound
was stirred continuously at a stirring rate of 300 rpm. The
obtained intermediate compound was filtered and cleaned
by conventional processes, and the end product was
sintered in the presence of ambient atmospheric pressure
conditions at 773 K to get dark orange-coloured and fine
V,05 powder. The resultant sintered powder was used as
a starting material to grow the thin films for further
studies.
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The home-built activated reactive evaporation technique
was adopted to grow V,Os thin films with a thickness of
350 nm on ITO-coated flexible Kapton substrates [18].
The film depositions were carried out at optimised oxygen
partial pressure of 1 x 10~ Torr, plasma power of 8 W
and by varying the substrate temperature (7;) in the range
of 303 to 523 K. The base pressure in the deposition
chamber was maintained as 1 x 10~° Torr, and thicknesses
of the deposited films were controlled through a quartz
crystal thickness monitor and found to be 350 nm. The
microstructural characterizations were carried out using a
computerised X-ray diffractometer (XRD) (model 3003
TT, Siefert Companies, Massillon, OH, USA) using CuKal
radiation (A = 0.15406 nm), scanning electron microscope
(SEM) (EVO MA 15, Carl Zeiss Inc., Oberkochen,
Germany) and atomic force microscope (AFM) (Dimen-
sion 3100 series, Digital Instruments, Tonawanda, NY,
USA), and Raman spectroscopy measurements were
performed at room temperature with Jobin Yvon U1000
double monochromator (HORIBA Ltd., Kyoto, Japan)
using a 514.5-nm line of Argon (Spectra-Physics, Santa
Clara, CA, USA) laser at a power density of 0.4 W/cm®.
The optical transmittance measurements were carried out
using Hitachi U-3400 UV-vis-NIR double spectrometer
(Hitachi Ltd., Chiyoda-ku, Japan) in the wavelength range
of 300 to 1,500 nm. The electronic conductivity measure-
ments were carried out using a standard four-probe con-
figuration set-up with direct current. The electrochromic
coloration studies for V,05 thin films were performed by
employing dry lithiation method. In this method, lithium
niobate (LiNbO3) powder was heat-treated at 1,113 K
under high vacuum to give off lithium atoms for insertion
in the exposed V,Os5 films [19]. The electrochemical char-
acterizations of grown V,Os films were conducted in an
Ar-filled glove box using an electrochemical workstation
(608 C series, CH Instruments, Inc., Austin, TX, USA).
The cut-off potentials of the electrodes were set in the
range of 4.0 to 2.5 V because the narrow-range and high
voltage is reliable for a cathode. The discharging profiles
of the deposited films were recorded by exposing the ef-
fective area of 1 cm? in contact with a liquid electrolyte
(1 M LiClO, in propylene carbonate) at a constant current
density of 20 pA/cm? and lithium foil used as an anode.

Results and discussion

X-ray diffraction studies

Figure 1 (curve a) displays the characteristic and relatively
broad Bragg reflections present in the X-ray diffractogram
of sintered V,0O5 powder, which reveals the presence of
nano-crystalline nature of the powder. The evaluated lattice
parameters were 4 = 1.152 nm, b = 0.356 nm and ¢ = 0.443
nm, which are congruent with JCPDS file 890612’ [20].
The sintered V,05 powder was noticed to be composed of
nearly rectangular flake-shaped nano-sized particles with
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Figure 1 The X-ray diffraction patterns of ARE V,0s thin films
grown at various substrate temperatures. (curve a) Sintered V,0s
powder, (curve b) Ty = 373 K, (curve ¢) Tg = 423 Kand (curve d) T, =
473 K

the size of 30 nm as evidenced from an SEM picture (not
shown). The estimated room temperature conductivity of
as-sintered V,O5 powder was in the order of 3.45 x 10*Q
! em™, which is nearly equal to the conductivity value of
single-crystal V,0s5 (3.52 x 10 Qtem™).

The structural properties of grown V,Os5 thin films on
flexible substrates were investigated by XRD technique.
The as-deposited films grown at lower substrate tem-
peratures (<423 K) demonstrated diffused and non-
characteristic diffraction patterns (Figure 1 curve b), which
indicate the amorphous nature of the films. The onset of
crystallinity in the films was observed at a substrate
temperature of 423 K, and respective X-ray diffractogram
of the films displayed less intense diffraction peaks (001),
(110) and (002), as represented in Figure 1 (curve c). The
increase in crystallinity in the films was observed as a
function substrate temperature, and for the films depos-
ited at T, = 473 K, the respective X-ray diffractogram
exhibited relative broad and high intense characteristic dif-
fraction peak at 26 = 20.3°, which attributed to Bragg
reflection from (001) lattice planes of orthorhombic V,Os.
In addition to (001) Bragg reflection, the subsequent pres-
ence of characteristic orientations such as (101), (110) and
(002) reveals the existence of in-plane organisation of V-O
-V chains [21]. The relative predominance of (001) Bragg
reflection reflects the growth of the films along the c-axis
perpendicular to the surface of substrate in texture of the
grown films. The evaluated lattice parameters for the film
grown at T; = 473 K are found to be 4 = 1.153 nm, b =
0.355 nm and ¢ = 0.435 nm, which are congruent with
powder data and previous reported values in the literature
[22]. Scherer's formula is employed to estimate the size of
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crystallites, and it was found to be 90 nm for the films de-
posited at 473 K.

Raman studies

The Raman spectroscopic measurements were performed
in the wavelength range of 200 to 1,200 cm! for the V,05
films grown on flexible substrates, as shown in Figure 2.
The broad and non-characteristic Raman spectrum re-
vealed the amorphous nature of V,05 films deposited at
T, < 423 K (Figure 2 curve a). The Raman spectrum of
films grown at T, = 473 K exhibited distinguishable and
relatively broad characteristic Raman peaks by indicating
the nano-crystalline nature of the films (Figure 2 curve b).
The spectrum consists of two groups of peaks located at
high-frequency region (internal modes), which correspond
to stretching and bending of V-O bonds, and at low-
frequency region (external modes), which can be viewed
as relative motions of structural units with respect to each
other. The high-frequency Raman peak at 1,006 cm™ cor-
responds to the vanadyl mode terminal oxygen stretching
mode, which results from an unshared oxygen [23]. The
second peak at 710 cm ™" is assigned to the doubly coordi-
nated oxygen (V,-O) stretching mode which results from
corner-shared oxygens common to two pyramids. The
third peak at 532 cm™ is assigned to the triply coordi-
nated oxygen (V3-O) stretching mode which results from
edged-shared oxygens common to three pyramids. The
two peaks located at 403 and 285 cm™" are assigned to the
bending vibration of the V=O bonds. The peak located at
489 cm™ is assigned to the bending vibrations of the
bridging V-O-V (doubly coordinated oxygen) and V3-O
(triply coordinated oxygen) bonds [24]. The well-resolved
vanadyl mode present at 1,006 cm™ gives the structural
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Figure 2 The Raman spectra of V,05 thin films deposited at
different substrate temperatures. (curve a) 7 = 373 K and

(curve b) T, =473 K.
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quality of the films and can be attributed to the stretching
mode related to the A, symmetry vibrations of the shortest
vanadium oxygen bond (V=0) [25].

Surface morphological studies

The characteristic changes in surface morphological fea-
tures of grown films on flexible substrates as a function of
substrate temperature is shown in Figure 3. We observed
significant changes in surface topography of the films de-
posited on flexible substrates, in comparison to films
frown on solid substrates. Ramana et al. [26] reported sur-
face morphology composed of large rectangular-shaped
grains for pulsed laser-deposited V,Os5 thin films prepared
on silicon substrates, Fateh et al. [27] reported surface
morphology characterised by small plates for reactive
magnetron-sputtered V,Os thin films, and Luo et al. [28]
reported grains with tips that grow vertical to the glass
substrate for DC magnetron-sputtered V,Os thin films. In
the present investigation, the smooth and featureless AFM
surface morphological image (Figure 3a) of the films
grown at T; = 373 K revealed the amorphous nature of the
films. However, the uniform ribbon-like structure of layers
along the c-axis direction and perpendicular to the sub-
strate surface has been observed from AFM studies. At
lower substrate temperatures, the rate of coalescence of
crystallites is less than the formation of growth centres
and favours for vertical growth. Thus, with the enhance-
ment of substrate temperature (>423 K), the adatom mo-
bility is observed to be increased and favours the
phenomenon of coalescence to grow vertical grains over
the surface face of the films, as evidenced in Figure 3b.
The characteristic change in size and shape of the grains
is observed as a function of substrate temperature of flex-
ible substrates above 423 K. The evaporated species
interact with the established plasma, reach the surface of
the substrates maintained at higher substrate tempera-
tures (T = 473 K) and acquire larger thermal energy and
mobility. This process leads to the enrichment of the dif-
fusion distance, initiates the nucleation and increases the
island formation in order to grow continuous film. The
surface of the V,0O5 films grown at T; = 473 K was ob-
served to be composed of nearly vertical elliptical-shaped
nano-sized grains with the size of 98 nm (Figure 3c) dis-
tributed uniformly over the surface of the film provided
with root mean square (rms) roughness of 9 nm.

Optical properties

Figure 4 shows optical transmittance spectra recorded in
the wavelength range of 300 to 1,500 nm for ARE V,0s5
thin films grown on flexible Kapton substrates at various
substrate temperatures. The amorphous V,05 films (de-
posited at T, = 373 K) demonstrated optical transmit-
tance of 50% throughout the optical transmittance
spectrum in the visible region (Figure 4 dotted line), and
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Figure 3 Atomic force micrograms of ARE V,0s thin films
deposited at various substrate temperatures on flexible
substrates. (@) 7, = 373 K, (b) T, =423 Kand (c) T, = 473 K.
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Figure 4 The optical transmittance spectra of V,05 thin films
prepared at different substrate temperatures. (Dotted line)
T, = 373 K, (dashed line) T = 423 K and (solid line) Ts = 473 K.

the sharp optical absorption edge is observed at 450 nm.
Increase in optical transmittance in the films is observed
with enhancement of substrate temperature to the
higher values. Significantly, blue shift in optical absorp-
tion edge and improvement in density of ripples in the
wavelength region of 450 to 750 nm were observed with
the rise in substrate temperature from 423 to 473 K.
The nano-crystalline V,0Os5 thin films prepared at Ty =
473 K demonstrated an average optical transmittance of
75% in the visible region and observed increased density
of ripples in the wavelength region of 450 to 700 nm.
Kumar et al. reported 60% of optical transmittance in
the visible region for the conventionally evaporated
V,05 thin films grown on amorphous solid glass sub-
strates maintained at 523 K, Avellaneda et al. [29] ob-
served 75% of optical transmittance for sol-gel dip-coated
V,0s5 films on ITO-coated glass substrates, and Lin et al.
[30] reported average optical transmittance of about 85%
in the visible region for reactively sputtered V,05 _ , thin
films deposited on flexible positron emission tomography
(PET)/ITO-coated substrates maintained at room
temperature. In the present investigation, nano-crystalline
V,0;5 films demonstrated appreciable optical transmit-
tance in the visible region, which is consistent with radio
frequency (RF)-sputtered films grown on solid substrates.
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The optical absorption coefficient () of the grown films is
evaluated from standard relations, and the experimentally
measured optical absorption coefficient for V,05 films is
found to give better fit to the relation (ahv)*? = A (hv -
E,), where hv is the energy of the incident photon, B the
absorption edge with parameter and E, the optical
bandgap in the visible region with a sharp fall in transmit-
tance in the wavelength region of 400 to 500 nm corre-
sponding to the fundamental absorption edge. The
evaluated optical bandgap and refractive indices of the
grown films increased as a function of substrate
temperature. For amorphous films (7, = 373 K), the evalu-
ated optical bandgap and refractive index values were in
the order of 2.31 and 2.28 eV and increased to 2.38 and
2.37 eV, respectively, with the augmentation of substrate
temperature to the higher value of 473 K. This small
broadening of the bandgap as a function of substrate
temperature can be attributed to quantum size effects.
Generally, nano-crystalline films composed of low nano-
scale-sized grains possess grain boundaries and imperfec-
tions, which lead to larger free carrier concentrations and
the existence of potential barriers. The electric fields aris-
ing from these factors in the disordered state result in an
increase in the optical bandgap. Consequently, the ob-
served slight increase of the optical bandgap can be related
to the imperfections and grain boundaries in the nano-
scale grained structure of V,Os5 thin films. The electro-
chromic performance of deposited V,Os5 thin films is sig-
nificantly influenced by the relative density and porosity of
the films, which, in turn, depends upon the refractive
index of the films. In general, the density of oxide thin
films depends strongly on the film deposition parameters,
which can tailor the relative packing density value of the
films. Here, the relative packing density of the metal oxide
thin films is defined as the relative density to ideally
packed bulk vanadium pentoxide with ppu = 3.36 g/cm3.
To compare the results quantitatively, the relative packing
density of the films is calculated using Lorentz-Lorentz re-
lation expressed as follows:

(n* —1)/(n* 4+ 2) = Na,/(300€0p), (1)

where 7, N, a, o, g and p are refractive index, number of
dipoles per unit volume, polarizability of dipoles, permit-
tivity of free space and film density, respectively. In

Table 1 Estimated optical parameter of grown V,05 nano-crystalline thin films at various substrate temperatures on

flexible substrates

Substrate temperature  Transmittance T  Refractive index  Extinction coefficient Relative Porosity Optical bandgap
(K) (%) (n) (k) density (nm) (eV)
373 50 228 0.1254 0.9619 0.09 2.31
423 62 233 0.0880 09784 0.05 232
473 75 237 0.0559 0.9909 0.02 2.38
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parallel, the porosity in the grown films is calculated from
estimated refractive index values using first-order rule of
mixtures, according to the following equation:

(1 — X)I’ITD + XMair = Mmeans, (2)

where X is the porosity, ntp is the refractive index of the
film material (which is considered as 2.4 for bulk V,O5),
Mmeans 1S the refractive index of grown V,05 thin film and
M,y is the refractive of air(which is taken as one). The esti-
mated relative densities of deposited films increased as a
function of substrate temperature. The amorphous V,05
films grown at T; = 373 K exhibited a lower relative dens-
ity of 0.9619. Evaluated porosity values of grown V,O5
films (as tabulated in Table 1) are observed to decrease
with the enhancement of substrate temperature, and as-
deposited nano-crystalline films grown at T; = 473 K
exhibited a relatively lower porosity value of 0.02.

Electrochromic properties

The electrochromic properties of grown films were in-
vestigated by dry lithiation method. In this method,
LiNbOj3; powder was heat-treated at 1,113 K under high
vacuum to give off lithium atoms for insertion in the ex-
posed V,0Os5 films. The quartz crystal monitor was used
for the measurement of the film thickness during
lithiation process control and calibrated the thickness of
the deposited LiNbO; film against the electrochemical
insertion. In the present investigation, 20-nm effective
mass thickness of lithium layer is considered for max-
imum coloration, which corresponds to approximately
125 mC/cm? as verified from the electrochemical
method. The electrochromic performance of the depos-
ited films was estimated in terms of optical modulation
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(dashed line).

crystalline V,05 thin film grown at T, = 473 K.

(AT%), optical density (OD) and the coloration efficiency
(1) (change in optical density (AOD) per unit inserted
charge (Q)) of grown V,0Os5 films, which were estimated
using the following equations, respectively:

AT(%) = Tbleached(%) - Tcoloured(%)a (3)
AOD = log(Tbleached(%)/Tcoloured(%))7 (4)
n=A0D/Q, (5)

where Thjeached (%) is the transmittance of the sample in
the bleached state (ion extraction state), T.ojoured (%) i
the transmittance of the sample in the coloured state
(ion insertion state) and Q is the charge insertion/extrac-
tion per unit area.

The estimated coloration efficiency of the deposited
films was noticed to increase as a function of substrate
temperature. The as-deposited nano-crystalline V,O5 films
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grown on ITO-coated flexible Kapton substrate main-
tained at T, = 473 K demonstrated better optical modula-
tion of about 36.1% with an estimated coloration
efficiency of 26.2 cm®/C at a wavelength of 550 nm, as
evidenced in Figure 5. Generally, in nano-crystalline V,05
films, the optical modulation may occur due to ‘absorption
modulation’. The optical absorption is caused by small po-
laron transitions between two non-equivalent sites of van-
adium (V*" and V®*). Therefore, the inserted electrons are
located in V** sites and polarise their surrounding lattice
to form small polarons. When the absorption of a photon
of appropriate energy occurs by the self-trapped carrier
(electron), it can be freed from the potential well which
self-traps the electrons. As a result, the electrons excite
from the lower energy states (V**) to neighbouring higher
energy states (V®"). The coloration mechanism in
coloured dry-lithiated nano-crystalline V,0Os5 thin films can
be expressed as follows:

V1,05 + xLi + xe” < Li, V2,05
V5+ + V5+ + 67—>V4+ + V5+
V4+ + V5+ + hv_)v5+ + V4+

Lin et al. [30] reported an optical modulation of 36.5%
and coloration efficiency of 33.7 cm?®/C at a wavelength
of 400 nm for reactively sputtered thin films of V,05 _,
at a room temperature of 23°C on flexible PET/ITO
substrates.

Electrochemical properties

Figure 6 displays cyclic voltammogram (CV) recorded
for the as-deposited V,05 thin films cycled between 4.0
and 2.5 V at a constant scan rate of 10 mV/s. The CV of
the grown pure V,05 film demonstrated two distinguish-
able broad peaks during charging and discharging pro-
cesses, which were described as follows [31]:

a — V505 + 0.5Li" e — Lig 5V, 05, (6)
e — Lig5V05 + 0.5Li" <8 — LiV,0s. (7)

The discharging profile of pure V,05 films exhibited
two plateau regions (Figure 7) and showed a discharging
capacity of approximately 60 pAh cm™ pum™'. The
obtained preliminary electrochemical investigations of
as-deposited ARE V,Os5 thin films with the thickness of
350 nm deposited on flexible substrates are encouraging
and demonstrating relatively less electrochemical per-
formance in comparison with V,05 films deposited on
solid substrates. This may be due to low conductivity of
as-deposited V,Os films, and in general, metal oxide thin
films grown on flexible substrates comprise more com-
pressional stresses, which may not favour for easy vol-
ume expansion/contraction of the host V,0O5 matrix
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during Li-ion intercalation/deintercalation processes.
The investigations are in progress to check cyclic ability
of grown films.

Conclusions

The nano-crystalline V5,05 thin films were successfully
grown on ITO-coated flexible Kapton substrates main-
tained at 473 K, using home-built activated reactive evap-
oration technique by employing nano-crystallineV,05
powder synthesised via co-precipitation method. The X-
ray diffraction pattern of grown nano-crystalline films
displayed relatively broad and characteristic Bragg reflec-
tion of (001) by indicating the c-axis growth on flexible
substrates. The broad and characteristic Raman peaks re-
vealed the presence of nano-crystalline V,05 phase in the
films. The surface of the as-deposited nano-crystalline
films was observed to be composed of vertical elliptical-
shaped nano-sized grains with the size of 98 nm and rms
roughness of 9 nm, as evidenced in the AFM results. The
nano-crystalline V,05 films demonstrated a relatively
higher optical transmittance of 75% in the visible region
with an estimated optical bandgap value of 2.38 eV. The
evaluated relative density and porosity values for as-
deposited nano-crystalline V,05 films were in the order
of 0.09 and 0.02 nm, respectively. The dry-lithiated nano-
crystalline films demonstrated better optical modulation
of 36.1% and coloration efficiency of 26.2 cm?/C at a
wavelength of 550 nm. In the present investigation, the
obtained results were observed to be encouraging, and
they were comparable to previously reported RF-sputtered
V,0Os5 thin films.
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